ABSTRACT: Check dams have been widely constructed in Thai streams and our study examined effects of dam-caused flow regime changes on aquatic insect communities. The flow regime of Huay Kaew Stream in Doi Suthep-Pui National Park, Chiang Mai, Thailand was separated into two periods: high flow and low flow periods, which characterize the natural flow dynamics in tropical streams. The sampling sites in three altitudes (1500, 900, and 500 m asl.) of the stream showed a similar trend in the effects of check dams during high flow. High discharge reduced the density of aquatic insects but this reduction was locally greater near check dams. Higher changes in water velocity at dammed sites caused greater decreases in aquatic insect community abundance because of alternating accumulation and dislodgement of fine sediment and leaf pack habitat below dams. An increase in cobble habitat because of dam erosion below a non-permanent check dam helped mitigate the effects of high flow and flow disturbance on aquatic insect density. A high density of check dams likely affects streambed structure and insect composition within the stream system.
INTRODUCTION
Natural stream flow and unfragmented stream systems are necessary to maintain native stream biotas 1 . The non-uniform flow of natural streams produces unique hydraulic characteristics along streams that constitute different habitats for different groups of aquatic organisms 2 . The continuity of stream flow allows the transfer of nutrients and food sources to downstream organisms. The continuous flow also supports downstream dispersal of aquatic biota, which enhances gene flow and genetic diversity 3, 4 . Additionally, the natural seasonal flow pattern, which affects the movement of water and materials, organizes community structure based on the ability of species to adapt to flow variability and habitat restructuring, which in turn support high biodiversity 5, 6 . The periodic changes in flow associated with seasonal flows is also needed for nutrient retention and cycling 6 . Dams and the resultant changes in flow dynamics can disturb aquatic communities in a number of ways. Changes in flow regime alter habitat dynamics, which influence the distribution and abundance of aquatic organisms 5 . Dams can form barriers to the movement of organisms within drainage networks, disrupting organismal and genetic connections among populations, which are the basis of the metapopulation concept 7 . The global concern of water scarcity because of climate change encourages engineered solutions for water storage -especially in the construction of dams. The number of dams has rapidly increased over the last six decades and more are being constructed to cope with issues of water shortage and flood control 8 . Furthermore, widespread interest in hydropower spurs more dam construction to help meet the increasing energy demand and reduce dependence on fossil fuels, in reaction to the global concern to reduce the causes of climate change 7, 9 . Dam construction exacerbates the impacts of climate change on rivers by causing river fragmentation and flow regulation. Changes in the frequency and magnitude of rainfall may produce more frequent flash floods that result in rapid drainage, which is obstructed by dams. Conversely, not releasing water from dams during periods of reduced rainfall can impair downstream biota 10 .
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In addition to the large dams that are built for water storage and hydropower, small dams are widely found in streams for smaller-scale water storage, water diversion and flood control. Although the ecological effects of small dams in temperate zones are well known, tropical studies are fewer and are still needed [11] [12] [13] . Although tropical and temperate streams seem to have similar ecological process (especially high-altitude tropical streams, which are more similar to temperate systems than are lowland tropical streams), tropical ecosystems receive more sunlight, have higher water temperature and have lower climatic variation, which support a wider range of biodiversity and ecosystems compared to temperate streams 11, 14, 15 . Hence studies on stream structure and function in temperate streams might not be directly applicable to tropical streams. Besides the latitudinal difference, ecological processes can vary at the local scale because of variation of local climatic conditions, land use and biogeography 11, 14, 15 . Improved understanding of tropical stream ecology enhances creating appropriate management mitigation for flow disturbance caused by humans, both directly and through climate change 16 . In Thailand, many check dams or small dams have been constructed, especially since 2004, for water and sediment storage and flow reduction. A series of check dams is generally produced along a stream. This is the case in Huay Kaew Stream, which contains numerous check dams (more than forty check-dams along the six kilometres of study section). The resulting high density of check dams in tributaries of rivers may culminate in large downstream changes. For example, alteration of a flow regime disturbs both the habitat and life history of aquatic organisms and provides conditions that may be favourable to invasive species 17 . A previous study on check dams in Huay Kaew Stream found such habitat changes; specifically, a reduction in habitat diversity and macroinvertebrate diversity above dams, which was linked to greater effects of seasonal floods 18, 19 , whereas areas directly below dams were less affected.
Aquatic insects are a speciose group, comprising 60% of freshwater animal species, and are critical food web components, converting algae and detritus into prey for fish and other animals 20 . Aquatic insects are widely used for biomonitoring in streams and rivers, as community composition and abundance indicate water quality by integrating stream conditions, whereas physicochemical measurements indicate water conditions only at the moment of measurement 21 . Biomonitoring using aquatic insects can be relatively low cost, an important consideration given the universal problem of inadequate funding for monitoring 7 . Mountainous terrain brings an added dimension to stream studies because altitude and the associated slope influence flow patterns, habitat structure and trophic-related processes 1, 22 . Aquatic insects in different altitudes may have different responses to anthropogenic disturbance 23 . Taxa richness decreases with altitude in Nepalese and Ecuadorian streams 24 . Indeed, the aquatic insects of highland streams are more similar to temperate streams than to lowland Ecuadorian streams; for example some taxonomic groups, such as Hydropsychidae and Gomphidae, are classed as 'lowland' species' and are common components of temperate faunas 25, 26 . This survey-based study examined how small check dams influenced physiochemical conditions and aquatic insect community composition, especially with respect to low versus high flow periods and variation with altitude. Specific hypotheses tested were (1) stream characteristics and insect assemblages are impacted by high flows; (2) checkdams alter habitats and, consequently, insect assemblages; (3) the combination of high flow and the presence of check dams impacts insect assemblages downstream of dams more than assemblages in undammed areas; (4) different altitudes provide different habitats and consequently different insect assemblages, but these assemblages were similarly affected by high flows (including with respect to check dams). The study was sited along a single stream system, Huay Kaew Stream, which is the source of water for Chiang Mai University. 
MATERIALS AND METHODS
Study sites were located at three altitudes (1500, 900, and 500 m asl.) in the Huay Kaew Stream in Doi Suthep-Pui National Park (Fig. 1) . Each altitude included undammed and dammed sites. The undammed sites at each altitude were located upstream from the check dams beyond the effects of the dams and where background environment features were similar to those of the dammed sites. Discharge or the flow rate, which is water volume per time, was calculated from the stream cross-sectional area and water velocity, which was monthly measured by a velocity meter (Global Water FP101). Discharge among all sampling sites was separated into two periods. High flow in the study stream refers to the periods with an average discharge greater than 1 m 3 /s, which occurred during the study period in June and August-December 2011 and in January 2012. Air and water temperature, as well as percentage of canopy cover were also measured. Recorded water measurements were conductivity, total dissolved solid (TDS), pH, turbidity, dissolved oxygen (DO) and biochemical oxygen demand (BOD). Data on nutrient concentrations included ammonia-nitrogen, nitrate-nitrogen and orthophosphate concentration. All physicochemical characteristics at the seven sampling sites were recorded in triplicate and averaged for each monthly sampling event. Aquatic insects were collected monthly between March 2011 and February 2012 using a pond net with 0.5 mm mesh to collect a streambed area of 0.08 m 2 . Ten samples at each site were taken in proportion to the area of each habitat in a site. The proportion of habitats in the site was monthly recorded. Seven habitats were identified: clay, sand, gravel, cobble, boulder, streamside vegetation and leaf packs. Samples from each habitat were separated. Samples were preserved in 70% ethanol for later sorting and aquatic insect identification in the laboratory mainly followed Dudgeon 35 . The collected data was analysed by R 3.4.2 27 . To investigate the effects of high flow on physicochemical conditions, differences in monthly data between low and high flow periods were tested using the non-parametric Wilcoxon signed rank test because of the non-normal distribution of the data.
The influence of check dams on water velocity was tested by comparing monthly velocity between dammed and undammed sites using a Wilcoxon signed rank test. Because of the high range of velocity, especially among different altitudes, velocity at each altitude was analysed separately. Because water velocity affects habitat composition, the linear relationship between monthly velocity and the proportion of unstable habitat was tested by regression analysis.
Effects of water flow and dams on insect density were analysed using linear mixed-effects models. Density was logarithmically transformed to approximate normal distribution, as tested with the Shapiro-Wilk statistic. Flow periods (high and low) and dam conditions (dammed and undammed sites) were fitted as the fixed factors and site was fitted as a random factor. The likelihood ratio test was used to attain a p-value for finding significant effects of high flow and dam. Regression analysis was use to reveal linear relationships between monthly discharge and (logarithmically transformed) insect density.
To test whether high flow differentially affected aquatic insect density at dammed versus undammed sites, densities at low flow versus high flow periods for both dammed and undammed sites were analysed using a two-way χ 2 -test for each altitude.
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Fig. 2
Monthly discharge and insect density at each sampling site. Site A1 and A2 are located at an altitude of 1500 m (a), whereas site B (includes B1 and B2) and C (includes C1, C2 and C3) are situated at altitudes of 900 m (b) and 500 m (c), respectively. Dammed sites (sites A2, B2 and C2) have lower average discharge and total insect density than their corresponding undammed sites (A1, B1 and C1, respectively) but site C3 showed a higher averaged discharge than the undammed site (C1). To test the hypothesis that insect composition varied with altitude but that the effects of flow changes were similar among altitudes, monthly abundance of aquatic insects during low and high flow periods at each altitude were square-root transformed, standardized (by Wisconsin-style double standardization) and then used to generate a graphical representation using non-metric multidimensional scaling analysis (NMDS) with Bray-Curtis distance.
RESULTS
Average discharge of the study stream during high flow periods was six-fold higher than during low flow periods. September had the highest discharge, whereas the lowest discharge was in July when rainfall ceased. Discharge tended to increase with lower altitude (Fig. 2) and greater stream order. The discharge was similar between dammed and undammed sites at two altitudes (1500 m: sites A1-2 and 900 m: sites B1-2) but varied among the sites at the lowest altitude (C1-3) (Fig. 2) . Streamflow of sites A2 and B2 was continuous across the dams (through a pipe drain and seepage under the dam), whereas water overflowed the dams at sites C2 and C3.
Each site differed in the habitats available for aquatic insects (Fig. 3) . At site A (1500 m), the streambed of the undammed site was mainly gravel and leaf pack, and small areas of clay and sand habitats were primarily present after the high rainwww.scienceasia.org check dam at site B2 during August -December created a fast-flowing habitat for aquatic insects on the dam wall. At 500 m altitude, habitat diversity at the undammed site (C1) was lower than at the corresponding dammed sites (C2 and C3). The main substrate of C1 was bedrock, which was categorized as boulder. Leaf pack habitat was present and sampled only in January and February. Site C2 also had bedrock as the main substrate. Overflow from the dam wall at site C2 created a pool near the check dam where sand was deposited and sampled. Boulder habitat dominated at site C3, where cobble and streamside vegetation habitats were present during low flow periods. Aquatic insect composition differed among each of the altitudes (Fig. 4a) and was also affected by check dams, although site B1 shared a few insect taxa with site B2 (Fig. 4b-d) . Although communities varied with altitude, similar patterns of flow and dam effects on reducing insect density were found within the same altitude during low and high flow periods, as described below.
Response of aquatic insects to high flow
Conductivity, TDS and pH were significantly higher during low flow periods than during high flow periods, whereas dissolved oxygen significantly increased during high flow periods (p < 0.05) ( Table 1 ). Although differences were not statistically significant, water temperature tended to be lower during high flow periods, whereas turbidity increased during high flows, except at altitude 1500 m sites. High flow was associated with reduced phosphate concentrations in the water. Nitrate concentrations increased in high flow except at site A2. During high flow periods, the proportion of unstable habitat (i.e., clay, sand and leaf pack) tended to increase in site A but decrease at sites B and C (Fig. 3) .
Flow periods significantly affected aquatic insect density that significantly decreased with high flow periods (Fig. 5) . Insect density at site A1 was slightly reduced by high flow. Insects found in the leaf packs and under cobbles of site A1 were reduced, whereas insects in gravel habitats increased during high flow periods (see Appendix for insect taxa). At site A2, the proportions of clay and sand habitats were higher during high flow periods than during low flow periods. Leaf pack habitat was proportionally reduced by high flow and the dominant insect taxa in leaf pack habitat were changed. At 900 m, insects in leaf pack and boulder habitats were highly decreased during high flow. Both sites had declines in mayflies in the cobble habitat during high flow periods but the species differed between sites. At 500 m, the streambed was mostly bedrock or boulder habitat and consequently, the diversity of aquatic insects was lower than at other altitudes during high flow periods. Although taxa were reduced at all the C sites during high flow periods, the taxa reduced at site C1 differed from those at the dammed sites.
Response of aquatic insects to check dams
Average water velocity at dammed sites was significantly lower than at undammed sites for all altitudes (p < 0.05). Average discharge was also lower at dammed sites compared with their corresponding undammed sites, except that site C3 had higher discharge than site C1 (Table 1) . Lower velocity was significantly related to an increase in the proportion of unstable habitat (R 2 = 0.32, p < 0.01). Dammed sites had higher canopy cover, water turbidity and BOD than undammed sites. Dissolved oxygen and phosphate concentrations were higher at dammed sites, except at the 900 m sites.
Aquatic insect density was affected by check dams (χ 2 = 8.86, df = 1, p < 0.01). Average insect density was lower at dammed sites compared with their corresponding undammed sites. Variation in insect density among dammed and undammed sites was associated with variation in habitat composition. Habitat composition of the dammed sites at www.scienceasia.org ScienceAsia 44 (2018) sites A and C differed from the habitat composition at their corresponding undammed sites, whereas habitat composition at sites B1 and B2 were more similar (Fig. 3) . The proportion of unstable habitat (clay, sand and leaf pack) in dammed sites was higher than in the corresponding undammed sites at all altitudes, and this increase in the proportion of unstable habitat was associated with a decrease in aquatic insect density. Clay and sand habitats had the lowest insect abundance among the habitat types (means of 12 and 13 individual/sample, respectively), whereas leaf pack habitat had the highest abundance (mean of 56 individual/sample). As a consequence, dammed sites had lower insect density than the corresponding undammed sites (Fig. 2) .
Dammed and undammed sites sometimes supported different assemblages of insects. For example, site A1 and A2 had similar proportions of leaf pack habitat but had different taxa groups associated with these leaf pack habitats. At 900 m, insect taxa associated with leaf pack and cobble habitats at the dammed site were higher than insects in boulder habitats. At 500 m, the high proportion of boulder habitat at site C1 was associated with species adapted to fast flow, whereas the dammed sites (C2 and C3) had proportionally more insects that are typical of solid substrates.
Combined effects of high flow and check dams on aquatic insects
Velocity during high flow periods increased more at dammed sites than at undammed sites, except at site C2, where the velocity increase was similar to that of site C1 (Fig. 6) . During high flow periods, dammed sites generally had less change in some physicochemical characteristics than undammed sites, i.e., water temperature, BOD, ammonia, nitrate and phosphate concentrations (Table 1 ). In contrast, conductivity, TDS, turbidity and dissolved oxygen generally changed more in dammed sites than in undammed sites during high flow periods.
During high flow periods, changes in habitat diversity differed between dammed and undammed sites (Fig. 3) . For sites A1 and A2, high flow increased habitat diversity at the undammed site, but not in the dammed site. Site B1 had lower habitat diversity during high flow, in contrast with site B2 which had an increase in the proportion of leaf pack and boulder habitats. Habitat diversity of sites C2 and C3 changed because of high flow, whereas site C1 had similar habitat in both low and high flow conditions. Leaf pack habitat was increased 6 Comparison of velocity changes between high and low flow periods. Dammed sites had higher percent velocity increases than the corresponding undammed site, except for site C2 that had the same percent increase. Higher percent increases at the dammed sites show higher change on velocity between high and low flow periods than at undammed sites. (b) Change in aquatic insect density between low and high flow periods at dammed and undammed sites. The percent decrease in density during high flow periods was higher at dammed sites than at the corresponding undammed sites, except for sites B1 and B2.
by check dams but decreased with high flow, except at site B2. Fine sediment (clay and sand habitats) was higher at dammed sites than the corresponding undammed sites, except at site B2, which had a lower ratio of fine sediment than site B1 during high flow periods. However, change in fine sediments (either increase or decrease) at dammed sites was greater than at undammed sites during periods of high flow.
High flow and flow alteration by check dams both reduced aquatic insect density (Fig. 2) . Compared with the low flow periods, the decrease in insect density due to high flow at dammed sites www.scienceasia.org ScienceAsia 44 (2018) Table 2 Aquatic insect composition at sampling sites was highly affected by high flow and check dams.
Affected by high flow
Affected by dam
was greater than the decrease at the corresponding undammed sites (χ 2 = 34.93-67.15, df = 1, p < 0.01), except at the B sites (χ 2 = 7.86, df = 1, p < 0.01).
The high decline in insect density at site A2 during high flow was primarily a result of the decrease in the leaf pack community. Insects at leaf packs at site C2 were also highly reduced during high flow. In addition, site C2 had reduced insects associated with sand habitat during high flow. Insects reduced during high flow at site C3 were mainly in boulder habitats. At site B2, the reduced density of insect during high flow was proportionally less than at the corresponding undammed site (B1). Density at B2 was largely maintained by caddisflies in the leaf pack habitat and communities in the cobble habitat. High flow at site C1 was associated with an increased abundance of black fly larva, which was reduced during high flow at the corresponding dammed sites (C2 and C3, Table 2 ).
DISCUSSION
The natural, typical annual flow regime in many tropical streams includes flood and drought, which correlate with monsoon rainfall events 28, 29 . In this study, Huay Kaew Stream had two peaks of rainfall, in May and August-September, which produced two peaks of discharge in June and September. High discharge normally decreases the abundance of benthic organisms 30 , including aquatic insects in both undammed and dammed sites in this study. The movement of streambed substrates during high flows is a significant disturbance for benthic organisms 31 . Because these disturbances are often seasonable, organisms may have adapted life history, behaviour and morphology in response to natural cycle of floods and droughts 29 . For example, Lepidostoma hirtum, Hydropsyche pellucidula www.scienceasia.org and H. siltalai have a univoltine life history with rapid growth before seasonally high flows and declines in density during high flow periods 32 . The number and diversity of drifting animals also increases during high flow 31 , which indicates substantial dislodgement. Benthic invertebrates may avoid the disturbance of high flow by moving to refuges that have lower shear stress 31, 33 . Net-spinning caddisflies (Hydropsyche spp. and Trichomacronema spp.) can increase substrate stability by constructing their filtration net among substrate particles, which can provide refuges for aquatic invertebrates during floods 34 . A decrease in net-spinning caddisflies at B and C dammed sites may have impacted other insects through the loss of potential refuges. Species adapted to fast flow (such as Baetiella spp. and Simulium spp.) were also impacted by high flow. Although species adapted to fast flow may have stream-line body shapes and special attachment mechanisms 35 , flash floods associated with rain may sweep away some organisms, especially in mountain streams with high slopes, such as Huay Kaew Stream. Because site C1 has a mostly bedrock streambed characterized by both fast flow and few flow refuges, insects at this site were mostly species adapted to fast flow. Hence this site retained a higher insect density than the dammed sites (C2 and C3) during high flow periods.
Aquatic insect communities are influenced by the availability of appropriate habitats. Streambed characteristics are largely the result of spatial variation and intensity of water flow acting on parent materials or moving particles, which structure the habitat for aquatic insects 36 . Average discharge was inversely proportional to altitude but was reduced in dammed sites compared to undammed sites, although in comparison to sites C1 and C2, site C3 apparently gained water from subterranean flow. Flow reduction (both discharge and velocity) by dams directly impacts aquatic insect communities, especially filter-feeders, gathering collectors and scrapers 36 by decreasing food availability as particles are deposited above dams and by increasing the rate of drifting 37 . In addition, lowered flow reduces habitat diversity by introducing deposition of fine sediment that may coat all substrates 17, 37 , such as cobbles and gravels. Although natural low flow periods also occurred at undammed sites, a lower flow with longer duration occurred in dammed sites. In the study stream, a decline in insect community density and changes in composition were associated with an increase in unstable habitats (fine sediments and leaf packs) due to the presence of check dams. Many types of insects avoid sediments deposited on rocky substrates 38 , indeed, few insects were collected in clay and sand habitats.
In addition to the effects of flow reduction at dammed sites and seasonal high flow in reducing insect abundance, the higher magnitude of change in water velocity at dammed sites than at the corresponding undammed sites also affected aquatic insects. An abrupt increase in flow reduces taxon richness and increases the number of drifting invertebrates compared to a more stepwise flow increase that provides time for invertebrate responses (e.g., seeking refuges) 39 . The leaf pack and fine sediments that were the main substrates at dammed sites are unstable substrates for aquatic insects because these substrates are easily mobilized by high flow. The organisms in unstable habitats at dammed sites were more readily flushed than insects in other habitats where they could hide in refuges, whereas undammed sites retained the same, flood-resistant community, which is more adapted to high flows. Thus Death and Winterbourn 40 found high species richness and density in habitats with high stability. The leaf pack habitat had the second highest insect abundance among the various habitats, following the boulder habitat. Thus a reduction in leaf pack habitat produced declines in many insects. Examples of these flow and habitat effects were evident in our study system. In the case of the first-order stream (site A), high rainfall that eroded more fine sediment from surrounding riparian area into the stream during high flow periods reduced insect abundance. The dammed site A2 had greater sediment deposition from erosion of the surrounding area, resulting in lower insect abundance than at site A1. In contrast, high flow at lower altitudes swept leaf pack and fine sediment from below dams, where these habitats dominated, leading to higher insect loss compared to the undammed sites. The small proportion of leaf pack remaining at site C2 during high flow was associated with an overall large decrease in insect density, whereas site B2 retained more leaf pack habitat and had a lower reduction in insect density during the high flow periods. When most leaf packs were disrupted during high flow periods, the number of Lepidostoma spp. was much lower than during low flow periods, when leaf packs formed a more stable habitat. Lepidostoma spp. consumes leaves and uses leaves to construct cases and this genus occurs mainly in leaf pack habitats 35 . Alternatively, the reduction of Lepidostoma abundance during high flow periods may indicate seasonal emergence of adults and avoidance www.scienceasia.org of high flows. For undammed sites, although fine sediment and leaf packs were removed by floods, the remaining larger substrates provided refuges for insects. Complex benthic structure provides refuges for benthic invertebrates during small spates 41 . Although the unstable habitats of site C3 were quite similar during low and high flow periods, high flows decreased habitat diversity, causing a decrease in insect abundance, as substrate mobilization (e.g., rolling rocks) disturbs insects, including hydropsychids 42 . In contrast, an increase in cobble habitat from broken dam materials near the check dam of site B2 increased insect abundance. These cobbles increased the area of stable habitat for insect refuges from not only high flow but also from predators 33 , and promoted formation of insect-abundant leaf packs. In addition, an increase in sand habitat and overflow from a dam at site B2 during high flow periods that increased habitat diversity also reduced insect loss in comparison to at the corresponding undammed site.
CONCLUSIONS
High flow often reduces aquatic insect density in Huay Kaew Stream at all altitudes and the decline of insects was locally intensified by check-dams although the insect community at each altitude was different. Alteration of hydrologic conditions by check dams revealed impacts on the density of aquatic insects. The effects of check dams on streams may be reduced by the erosion of pile-rock dams, which diversifies habitats and provides flow refuges. Most of the check dams were constructed five years before the study and the geomorphology of the channel had adjusted to the dam-affected flow regime. Although the effects of check dams on the habitat and aquatic insects were not major, our study included just a small number of the many check-dams along Huay Kaew Stream. Thus the cumulative effects of all the many check dams in the stream can cause large overall changes. The study was a good representative of the effects of small dams on mountain streams because the stream location within the National Park had low human disturbance. In contrast, most streams in Thailand are in areas of impacted habitat, and large dams or even small dams that are close together can impact streambed recovery. Check dams that have high dam walls obstruct flow connectivity, which is necessary for downstream drift and food source transportation. Check dams that restrict flow to water seeping under the dam, such as site B2, may have a low impact on biota but the check dam may affect the normal downstream transport of organic materials, which may impact downstream organisms.
